Solutions for the stress and pore pressure p are derived due to sudden introduction of a plane strain shear dislocation on a leaky plane in a linear poroelastic, fluid-infiltrated solid. For a leaky plane, y ¼ 0, the fluid mass flux is proportional to the difference in pore pressure across the plane requiring that Dp ¼ R@p=@y, where R is a constant resistance. For R ¼ 0 and R ! 1, the expressions for the stress and pore pressure reduce to previous solutions for the limiting cases of a permeable or impermeable plane, respectively. Solutions for the pore pressure and shear stress on and near y ¼ 0 depend significantly on the ratio of x and R. For the leaky plane, the shear stress at y ¼ 0 initially increases from the undrained value, as it does from the impermeable plane, but the peak becomes less prominent as the distance x from the dislocation increases. The slope (@r xy =@t) at t ¼ 0 for the leaky plane is always equal to that of the impermeable plane for any large but finite x. In contrast, the slope @r xy =@t for the permeable fault is negative at t ¼ 0. The pore pressure on y ¼ 0 initially increases as it does for the impermeable plane and then decays to zero, but as for the shear stress, the increase becomes less with increasing distance x from the dislocation. The rate of increase at t ¼ 0 is equal to that for the impermeable fault.
Plane-Strain Shear Dislocation on a Leaky Plane in a Poroelastic Solid
Solutions for the stress and pore pressure p are derived due to sudden introduction of a plane strain shear dislocation on a leaky plane in a linear poroelastic, fluid-infiltrated solid. For a leaky plane, y ¼ 0, the fluid mass flux is proportional to the difference in pore pressure across the plane requiring that Dp ¼ R@p=@y, where R is a constant resistance. For R ¼ 0 and R ! 1, the expressions for the stress and pore pressure reduce to previous solutions for the limiting cases of a permeable or impermeable plane, respectively. Solutions for the pore pressure and shear stress on and near y ¼ 0 depend significantly on the ratio of x and R. For the leaky plane, the shear stress at y ¼ 0 initially increases from the undrained value, as it does from the impermeable plane, but the peak becomes less prominent as the distance x from the dislocation increases. The slope (@r xy =@t) at t ¼ 0 for the leaky plane is always equal to that of the impermeable plane for any large but finite x. In contrast, the slope @r xy =@t for the permeable fault is negative at t ¼ 0. The pore pressure on y ¼ 0 initially increases as it does for the impermeable plane and then decays to zero, but as for the shear stress, the increase becomes less with increasing distance x from the dislocation. The rate of increase at t ¼ 0 is equal to that for the impermeable fault. [DOI: 10.1115/1.4035179]
Introduction
The problems of dislocation and fault slip in fluid-saturated porous rocks have attracted long-lasting attention [1] [2] [3] . This is mainly due to their important applications in earthquakes. This paper extends and complements the previous work by the authors in Refs. [4] [5] [6] on sudden introduction of plane strain shear dislocations in diffusive solids. As in these previous papers, we determine the perturbations of stress and pore pressure due to the introduction of slip into an ambient state of stress in the crust.
Reference [5] (generalizing the solution of Ref. [4] for incompressible constituents to fully compressible constituents) derived the solution for a plane strain shear dislocation on a permeable glide plane (plane containing the Burger's vector and the dislocation line), y ¼ 0. Because the plane is permeable, the pore fluid pressure must be continuous there. Because the geometry of the shear dislocation requires that the mean stress and pore pressure be antisymmetric about y ¼ 0, the pore pressure must vanish there. Reference [6] considered the alternative limiting case for which the plane y ¼ 0 is impermeable to fluid mass. Because the fluid mass flux is proportional to the gradient of pore pressure, @p=@y ¼ 0 there. In this case, the pore pressure is discontinuous and, because of the antisymmetry condition, takes on equal and opposite values on each side of the plane. This is an idealization of a narrow zone of impermeable material with different values of pore pressure on each side. The related problem of a shear crack propagating steadily in a poroelastic solid has been analyzed by Simons and his coworkers [7, 8] for the permeable plane and by Rudnicki and Koutsibelas [9] and Rudnicki [10] for the impermeable plane. Reference [11] has analyzed the problem of steadily propagating shear dislocations on permeable and impermeable planes. Reference [12] considered the problem of the pore pressure changes induced by the steady dynamic slip on a plane between dissimilar materials.
In practice, the glide plane is likely to be neither completely permeable nor impermeable. Consequently, we consider the case of a leaky plane in which the difference of pore fluid pressure across the plane is proportional to the fluid mass flux. The entire plane y ¼ 0; À1 < x < 1 is considered to be leaky. The properties of the plane are regarded as due to the past history of slip.
This paper begins by summarizing the governing equations for a linear elastic diffusive solid. We then formulate the boundary conditions for the dislocation problem. In particular, we discuss the boundary condition for the leaky plane. To construct the solutions for suddenly introduced dislocations, we follow the approach used by Rudnicki [6] that treated the shear dislocation problem by the application of Fourier and Laplace transforms. The inversion of the transformed solution for the shear dislocation is discussed in detail. Finally, numerical examples are illustrated, and the results are compared with those obtained by Rice and Cleary [5] and Rudnicki [6] .
2 Fundamental Equations 2.1 Governing Equations. The governing equations for a linear fluid-infiltrated porous elastic solid were first established by Biot [13] . They are formally equivalent to the equations of fully coupled thermoelasticity [14] and Ref. [15] has noted that they can be derived as a special case of chemoelasticity. The equations can be arranged in many forms [14, 16, 17] . Here, we follow the arrangement given by Rice and Cleary [5] and Rudnicki [6] . In this theory, the coupling between solid deformation and fluid diffusion is described via two variables in addition to the usual ones of linear elasticity. Here, these are taken to be the pore fluid pressure p and the fluid mass content per unit reference volume of porous solid m. For plane strain deformation in the xy plane (no displacement in the z direction), the displacements in the x and y directions, u x and u y , do not depend on z. The nonzero strains are e xx ¼ @u x =@x, e yy ¼ @u y =@y and
These strains and the alteration of m from a reference value m 0 are related to the total stresses r xx , r yy , and r xy and to the pore fluid pressure p as follows:
where ða; bÞ ¼ ðx; yÞ. In Eqs. (2) and (3), G is the shear modulus; v and v u are the drained (long-time) and undrained (short-time) Poisson's ratios, respectively; B 0 is the Skempton's coefficient, the ratio of an increment of pore fluid pressure to an increment of mean normal compression during undrained response; q f is the fluid density; and d ab is the Kronecker delta (
The constitutive formulation is completed by Darcy's law which, in the absence of body forces, is given by
where q a is the mass flow rate per unit area in the x a direction, and j is a permeability. For plane strain deformation, the governing field equations can be written as follows in terms of stress r ab and pore fluid pressure p:
where
Equations (5) and (6) express equilibrium of total stresses in the absence of body forces and Eq. (7) expresses compatibility of strains. The diffusion equation (8) expresses fluid mass conservation. Figure 1 shows the geometry of the problem. The introduction of a shear dislocation at the origin corresponds to cutting the negative x axis, displacing the top to the right and the bottom to the left by the same amount, then, bonding the cut elastic plane back together. The resulting discontinuity in the x -direction displacement is described as follows:
Boundary Conditions.
where Hð:::Þ is the unit step function, and the notation y ¼ 0
6
indicates that the x-axis is to be approached from above or below. The magnitude of the discontinuity is measured by D, and the factor 2pð1 À v u ÞD=G has been introduced in order to simplify later expressions. Because the displacements are antisymmetric with respect to the plane y ¼ 0, the problem can be formulated in the upper half-plane, y ! 0, with Eq. (9) rewritten as
Because of the antisymmetry and continuity of total tractions on y ¼ 0, the normal stress on this plane, r yy , is zero
We next discuss the boundary condition on the pore fluid pressure. The plane y ¼ 0 is interpreted as the idealization of a thin, but finite thickness zone as shown in Fig. 2 . In this inner view, the zone has thickness 2e. Thus, in the outer view y ¼ 0 6 corresponds to y ¼ 6e. The zone is considered thin enough so that the gradient of pore pressure is uniform
where p 6 are the values of pore pressure at y ¼ 6e. Because of the anti-symmetry condition p þ ¼ Àp À and Eq. (12) reduces to
Thus, the fluid mass flux (4) in the layer is given by
Outside the layer the fluid mass flux is
Equating Eq. (14) with Eq. (15) gives
where we now interpret p þ as pðx; 0 þ ; tÞ. Letting R ¼ ej=j layer gives 
where R is a constant resistance. R has the dimension of length and its value depends not only on the ratio of permeabilities but also on the layer thickness e. If j layer ( j, R ! 1 and we recover the boundary condition for the impermeable fault
If j layer ) j, R ! 0 and we recover the boundary condition for the permeable fault
Because the solution to the field equations is written in terms of stresses, it is also convenient to express the boundary condition (10) in terms of the stresses. Differentiating (10) with respect to x yields
where dðxÞ is the Dirac delta function. Because e xx ¼ @u x =@x, Eq. (20) can be substituted into Eq. (2). The result, after using Eq.
where l and g have been introduced following Eq. (8). Now, the problem has been reduced to the solution of the field Eqs. (5)- (8) subject to the boundary conditions (11), (17), and (21) for the leaky plane.
Laplace and Fourier
Transforms. Following Ref. [6] , the solution procedure is to use the Fourier transform on x and the Laplace transform on t. The Laplace transform of a function f ðx; tÞ is defined bỹ
and the inversion is denoted by
where i ¼ ffiffiffiffiffiffi ffi À1 p and Br denotes the Bromwich contour. The Fourier transform is defined bŷ
with inversioñ
Applying the Fourier and Laplace transforms to Eqs. (5)- (8) yields equations identical to those solved by Rudnicki [6] . His solution for the doubly transformed stress and pore pressure is as follows:
where m 2 ðkÞ ¼ k 2 and n 2 ðkÞ ¼ k 2 þ s=c. As Ref. [6] notes, Eqs. (26)-(29) are identical to those of Ref. [7] with ÀijV=c in their expressions for nðkÞ replaced by s=c. (They use j for k.) To ensure convergence of the inversion integrals in y > 0, mðkÞ, and nðkÞ are subject to the following restrictions:
where Ref:::g stands for "the real part of f:::g ". A, B, and C are functions of k and s to be determined by the boundary conditions. Taking the Fourier and Laplace transforms of Eqs. (11), (21), and (17) yields the following results:
where LfHðtÞg ¼ s À1 is used. Substituting Eqs. (26)- (29) 
The final expressions for stress and pore pressure can be determined from the inversion of the transforms which are discussed in Sec. 3. 
wherer ¼ ð1=2Þðr xx þr yy Þ, and
It will be convenient to combine total stresses into complex form
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The expression for the double transform of s, after combining Eqs. (28) and (29) and substituting the expressions for A, B, and C, is as follows:
where z ¼ x þ iy. Using Eqs. (44) and (45) 
where the Laplace transforms of I and I # are given bỹ Iðx; y; sÞ ¼ F À1 fÎðk; y; sÞg (49)
The restrictions on mðkÞ and nðkÞ (Eqs. (30) and (31)) can be used to invert Eqs. (49) and (50) to the following integrals over positive values of k : Equations (53)-(55) are understood to apply for t ! 0. The task remaining is the inversion of the integrals I and I # which is described in Sec. 3.2.
3.2 Inversion of Integrals. This subsection describes some details of inversion of the integrals Iðx; y; tÞ and I # ðx; y; tÞ. The Laplace transforms of I and I # are given by Eqs. (51) and (52), respectively.
First, consider the inversion of Iðx; y; tÞ. Interchanging the order of the Laplace and Fourier inversions yields
Formulae (29.2.14) and (29.3.88) of Ref. [19] yield the following result:
where erfcðnÞ is the complementary error function which is related to the error function erfðnÞ (see Eq. (7.1.1) of Ref. [19] ) by erfcðnÞ ¼ 1 À erfðnÞ. Formula (29.2.6) of Ref. [19] can then be used to express the Laplace inversion transform in Eq. (58) as the following integral:
The two integrations in the right-hand side of Eq. (60) can be accomplished by the change of variable k ¼ b 2 and the use of Eq. (7.4.33) of Ref. [19] as well as integration by parts. As a consequence, Eq. (60) can be written as 
I 1 is the result obtained by Ref. [6] for the problem of impermeable shear dislocation:
The inversion of I # ðx; y; tÞ proceeds along the same lines as the inversion for I 1 in Ref. [6] . Taking the inverse Laplace transform of Eq. (52), and then interchanging the order of the Laplace and Fourier inversions leads to I # ðx; y; tÞ ¼ 2c
Applying formulae (29.2.14) and (29.2.42) of Ref. [19] yields the following result
Formula (29.2.6) of Ref. [19] can be used to express the Laplace inversion transform in Eq. (65) as
Putting Eq. (67) 
I # 1 is also the result obtained by Ref. [6] for the problem of impermeable shear dislocation
For R 6 ¼ 0, it is easy to demonstrate that the integrands in Eqs. (63) and (69) (62)- (64), (57), and (68)- (70) into Eqs. (53)- (55) and carrying out the differentiations in Eq. (55) by using Eq. (57) yield the following expressions for the stresses and pore fluid pressure due to sudden introduction of a shear dislocation on a leaky plane. The expressions for the mean stress and pore pressure are as follows:
Final Expressions. Substituting Equations
The expression for the shear stress is very lengthy and is recorded in the Appendix.
The first term in each expression gives the instantaneous response at t ¼ 0. These terms are identical to the usual elasticity expressions with the undrained value of Poisson's ratio, v u . For t ! 1, these expressions again reduce to those of classical elasticity with the drained value of Poisson's ratio, v. The integration term in each expression is related to the resistance coefficient R.
For R ! 1, these integrations are identically zero such that these expressions reduce to the results of Ref. [6] for the problem of the impermeable shear dislocation. For R ¼ 0, using Eqs. (7.4.36) and (7.4.2) of Ref. [19] and L'Hospital's rule reduces these expressions to those of Ref. [5] for the permeable shear dislocation.
Discussion
This study extends previous solutions for the completely permeable and impermeable shear dislocations to more general situations in a fluid-saturated poroelastic solid. The purpose of the extension is to develop a more realistic model for the analysis of mechanical response near faults. As has already been shown, the solutions for the shear dislocation emplaced on a plane with interfacial resistance reduce to the permeable and impermeable limiting cases for R ¼ 0 and R ! 1, respectively. In this section, we focus on the induced responses for the finite, nonzero values of the coefficient of resistance and compare them with the limiting cases.
The structure of major fault zones is complex [20] , and there is uncertainty about what are appropriate values of the layer thickness (e) and permeability ratio (j=j layer ). In the numerical examples, we take 2e ¼ 3 mm. This value is in the middle of a nominal thickness (1-5 mm) within which field observations suggest slip in individual events occur [21] . However, Refs. [21, 22] note that there is an evidence that the principal slip may occur in a much narrower zone with thickness of the order of 10-300 lm. Because material in the slip zone is strongly sheared and comminuted, we expect that j=j layer > 1. Although measurements of Ref. [23] on material from the Median Tectonic Line in Japan suggest that the ratio may be several orders of magnitude, we take a more moderate value of j=j layer ¼ 5. The values 2e ¼ 3 mm and j=j layer ¼ 5 correspond to R ¼ 7:5 mm. Note, however, that if e were decreased by a factor of 10, and j=j layer were increased by a factor of 10, the value of R, the product of the two, would remain the same. The responses of stresses and pore fluid pressure on y ¼ 0 are determined by two nondimensional parameters: 4ct=x 2 and x=R. Consequently, the curves plotted in Figs. 3 and 4 would be unchanged no matter what values e and j=j layer are.
First, we examine the time dependence of the shear traction on the slip plane y ¼ 0 þ . Because the shear traction on y ¼ 0 þ is singular as x À1 as x ! 0 Fig. 3 plots r xy ðx; 0 þ ; tÞ minus its drained value divided by the difference of its undrained and drained values
The ratio is a measure of the strength of the singularity and is plot- Values for the permeable and impermeable planes were calculated using the expressions from Refs. [5] and [6] , respectively, but calculations for sufficiently large (impermeable) and small (permeable) R were indistinguishable from these on the scale of the plot.
For the nonzero values of R, the shear stress first rises to a maximum that exceeds the undrained value and then decays monotonically from the maximum to the drained value. This result is analogous to that of Ref. [24] (also see Refs. [14] and [17] ) who demonstrated that the behavior of the pore pressure can be nonmonotonic after undrained loading. Here, it is the shear stress that exhibits nonmonotonic behavior. An interesting feature of the solution is that the slope (@r xy =@t) at t ¼ 0 for the leaky fault is always equal to that of the impermeable plane for any large but finite x. In contrast, the slope @r xy =@t for the permeable fault is negative. Values for the permeable and impermeable planes were calculated using the expressions from Refs. [5, 6] , but calculations for sufficiently large (impermeable) and small (permeable) R were indistinguishable from these on the scale of the plot. As discussed by Rudnicki [25] , the increase of the shear stress suggests that the effect of coupling between fluid diffusion and solid deformation is initially destabilizing for sudden seismically emplaced slip. Also the differences in the time scale of shear stress decay for different resistances suggest differences in the effects of coupling on the reloading of faults, which has been proposed as a mechanism for aftershocks, and on processes preceding earthquakes. Figure 4 plots the time-dependence of the nondimensional pore pressure gxpðx; 0 þ ; tÞ=lD induced on y ¼ 0 þ ahead (x > 0) of a shear dislocation at the origin. The results are shown for different values of x=R and compared with that of the impermeable plane.
(The results for the impermeable plane in Figs. 4 and 5 have been calculated from Ref. [6] , but on the scale of the plot they are indistinguishable from those for small x=R). The pore pressure induced on the permeable plane is zero. This figure shows that the behavior of the pore pressure is nonmonotonic after sudden loading. Similarly to the behavior of the shear stress for the leaky fault, the slope at t ¼ 0 is always equal to that of the impermeable fault for any fixed value of x.
Figures 3 and 4 illustrate that for a fixed resistance the differences in the spatial scale lead to different time dependence of stress decay and pore pressure decay. For smaller values of x=R, the time histories of stress and pore pressure are close to the impermeable results, while for greater values of x=R, they are close to the permeable results. Alternatively, the curves in Figs. 3 and 4 can be interpreted as the results for a fixed distance from the origin but with different values of resistance coefficients. Figure 5 shows the pore pressure in nondimensional form gp ffiffiffiffiffiffi ffi ctp p =lD induced on y ¼ 0 þ for different fixed values of ct=R 2 . This figure gives the spatial distribution of the pore pressure at different fixed times. It shows that the pore pressure on y ¼ 0 initially increases as it does for the impermeable plane and then decays to zero as it does for the permeable plane. For the leaky shear dislocation, the pore pressure is antisymmetric about y ¼ 0. Consequently, except for the permeable boundary, the pore pressures are discontinuous on y ¼ 0. In addition, fluid flows from upper-half plane to lower and simultaneously outward from the origin.
Conclusion
We have derived the stress and pore pressure perturbations from an ambient stress state due to sudden slip on a leaky plane; that is, a plane that is intermediate between permeable and impermeable. More specifically, the leaky plane is modeled as a narrow zone, with small but finite width e, of material with a permeability j layer that differs from j the permeability of the surrounding material. The fluid mass flux across this zone is proportional to the difference in the pore pressure across the layers. Because the fluid mass flux is proportional to the gradient in the pore pressure, the difference in the pore pressure across the layer is proportional to this gradient. The constant of proportionality is R ¼ ej=j layer .
For R ¼ 0 and R ! 1, the solutions reduce to those previously obtained for the permeable [4, 5] and impermeable [6] slip planes, respectively. However, for nonzero, finite R the solutions near the slip plane differ significantly from those of the permeable and impermeable planes. More specifically, the normalized shear stress on the slip plane initially increases with time at the same rate as it does for the impermeable plane before decaying to the drained result for large time. For increasing values of x=R, where x is the distance from the edge of the slip on y ¼ 0, the peak shear stress is smaller and occurs at earlier times. Similarly, the pore pressure on the slip plane initially increases at the same rate as for the impermeable before eventually decaying to zero. The magnitude of the peak decreases with increasing values of x=R. Thus, the solutions near the slip plane depend significantly on the ratio of the permeability on the plane (modeled as a narrow, but finite width layer) to that in the surrounding material.
